).
Epidermal Growth Factor Receptor Biology
The epidermal growth factor receptor (EGFR) erbB1 is a receptor tyrosine kinase (RTK) located on chromosome 7p12 and is responsive to extracellular ligands such as EGF and TGF-a. EGFR was one of the first proto-oncogenes recognized to play a potential role in glioblastoma (GBM) pathogenesis because of its high level of expression in the majority of patients (up to 90%) and frequent genomic amplification. Receptor signaling occurs through multiple pathways, but the most studied are recruitment and activation of the phosphatidylinositol-3-kinase (PI3K) signaling network with ultimate downstream activation of AKT and mTOR proteins that sustain tumor growth. Evidence suggests that PTEN is a negative regulator of the pathway, with specific evidence suggesting that these 2 pathways may interact in the context of GBM cells in a complex manner. 1 Genomic alterations in EGFR generally lead to receptor activation and increased signaling, but the oncogenic contributions of wild-type receptor signaling, compared with mutant receptor signaling in actual patient tumors, has not been well established.
As the scientific understanding of EGFR has advanced, clinical applications have rapidly emerged around attempts to therapeutically inhibit EGFR function in multiple cancers. Targeted therapies have shown the most promise for inhibition of receptor function, leading to tumor responses in lung and other cancers, and still being evaluated in GBM. Results in GBM to date have used early inhibitors that were not specifically designed to inhibit the aberrations most common to GBM. As such, the results of these EGFR inhibitor studies in GBM have been inconsistent, and further study is generally needed. Current trends involve a shift toward design of more appropriate inhibitors in combination with specific selection or stratification of patients for treatment based on the specific alterations of EGFR in their tumors. 1 Given the intense level of interest in measuring EGFR alterations and its biology in both the clinical and research settings, numerous assays capable of measuring EGFR have evolved rapidly and offer current and future clinical value (Fig. 1 ).
Wild-type EGFR Expression
Wild-type EGFR (EGFRwt) is highly expressed in the vast majority of GBMs and in lower-grade astrocytomas as well. 2 Expression is generally uniform geographically throughout the tumor, and nearly all cells within the tumor express high levels of EGFR protein (.90%) by immunohistochemistry (IHC). The high levels of expression may parallel the developmental expression pattern of EGFR, a central regulator of neural stem and progenitor cells from which some GBM tumors are felt to derive. Studies of EGFR expression in adult neural stem cell niches, in particular, correlate with expression in type C transit-amplifying cells 3 and have shown that EGF stimulation of these regions causes glioma-like growths in the subventricular and subependymal zones of mice. 4 -6 While biologically important, both the practical and diagnostic utility of EGFRwt expression in the clinical setting are still under investigation. Review of the literature suggests that high expression of wild-type receptor in GBM versus other gliomas have been proposed, but has not led to common implementation by pathologists. 7 The levels of RNA and protein expression can vary widely among patients 8 and clearly correlate with EGFR amplification, but formal studies have shown that such correlations are not specific enough for reliable identification of EGFR-amplified tumors by IHC. Given these limitations, there is currently no consensus standard-of-care role for testing EGFR expression in the clinical diagnostic and prognostic setting, even though there is clearly a critical pathway.
EGFR protein expression has been used as a diagnostic in the setting of clinical trials involving EGFR inhibitors. Several trials in adult and pediatric gliomas have used these markers as prospective markers for patient selection and enrichment of target expression prior to treatment. EGFR protein expression has also been routinely used in clinical trials for retrospective marker analysis of the results from EGFR inhibitors. While the lack of response and prevalence of the target have not led to a clear indication for testing, one interesting area for future exploration is that quantification of total levels of EGFRwt protein may be needed to determine whether response to treatment with EGFR inhibitors and RTK dosage may in fact be relevant for predicting response.
Epidermal Growth Factor Receptor Copy Number Alterations
The most common aberration of EGFR in adult GBM is an increased number of copies of the gene by focal gene amplification and/or broad genomic gains that include the EGFR locus. Gene amplification is a genetic term indicating focally increased gene copy number arising through specific mechanisms, including formation of extrachromosomal double minutes (dmin) or heterogeneously staining regions (HSR) occurring at a specific gene locus or chromosomal region. As a result, large increases in copy number (eg, .5 and even hundreds of copies in some tumors) are observed. The term "gain" is used to indicate a lower level increase of gene number arising through distinct mechanisms (ie, tandem gene duplication, polysomy, etc) that Maire and Ligon: EGFR genomic aberrations in GBM viii2 lead to more modest copy number increases (eg, 3 -5 copies of a gene instead of the normal 2 copies). Such terms should be differentiated from the more general term "amplification/amplified," which is increasingly used in cancer genetics communities in reference to any level of increase in copy number without implication as to the mechanism.
Polysomy of the entire chromosome 7 (1 -2 extra copies of the entire chromosome) is the most common EGFR copy number alteration in all gliomas. Additional alterations leading to a gain of 7q containing the EGFR genes are also seen in a significant percent of glioma patients. While these large chromosomal gains are frequent in gliomas, they are not specific to GBM. Furthermore, the broad nature of events containing many different genes does not suggest that EGFR function is altered or is supporting the tumorigenic phenotype in any specific manner when these occur. In contrast, more than 40% of GBMs have focal EGFR gene amplification with amplicons containing .50 -100 copies of the gene. 9, 10 Such amplifications are present in a high number of tumor cells in most patients but may also occur diagnostically in a subset of tumor cells, particularly in association with coamplification of other RTK genes (PDGFRA, MET).
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In contrast to polysomy 7, evidence that focal amplifications of EGFRwt receptor are driver events is supported by laboratory investigations; it is therefore important to identify these diagnostically and target them therapeutically.
Clinically, the detection of EGFR copy number alterations is most commonly used for diagnosis and classification of GBM versus other gliomas with similar histological appearance. The presence of amplification is almost exclusively seen in GBM. Fewer than 3%
12 of other diffuse gliomas of any class or grade are amplified based on recent studies of carefully evaluated patient cohorts. EGFR amplification in the presence of lower-grade histology on biopsy frequently indicates surgical undersampling of a histologically heterogeneous tumor, in which the features required to diagnose GBM (vascular proliferation and necrosis) are not present in the samples. While initial studies had suggested that the presence of EGFR amplification was prognostically unfavorable in GBM, these findings have not been reproduced in later well-characterized cohorts. 13 Such prognostic value was likely to be conferred by including histological variants of anaplastic oligodendroglioma, which overlap GBM appearance but invariably lack EGFR amplification and have an inherently more favorable prognosis. EGFR amplification as a predictive marker has been analyzed in several clinical trials of EGFR inhibitors but has not consistently shown strong power as an independent biomarker. 1, 14 Currently, the most common diagnostic tools used to clinically evaluate EGFR copy number are fluorescence in situ hybridization (FISH) or colorimetric in situ hybridization (CISH). These techniques allow careful quantification of individual copies that have been noted in single cells/nuclei within the tumor. CISH has the advantage of using standard brightfield microscopy for looking at tumor morphology. 15 Interpretation can be readily performed for qualitative presence/absence of amplification (.10 copies per nucleus), abnormal or consistent with polysomy (3 -10 copies) or normal (2 copies) by neuropathologists in a manner similar to IHC. FISH performance is technically more consistent and robust and facilitates accurate quantification of individual nuclei and colocalization with other RTKs. The disadvantages of FISH are the need for specific equipment and training to read darkfield microscopy.
Given the common occurrence of multiple copy number changes in individual GBM tumors (eg, EGFR, PDGFRA, MET, CDKN2A, PTEN) multiplex assays based on DNA hybridization arrays (array CGH or SNP arrays) are already essential in the research arena and are now emerging clinically as routine assays for patient care. Until recently, these assays were limited in clinical potential because of poor performance in FFPE tumor tissues. However, development of novel methods has allowed highly reproducible and effective performance using FFPE samples of GBM and other cancers. 16, 17 The most common platforms currently used are CGH or SNP arrays. 12, 18 Alternate methods based on molecular inversion probe technology have also emerged as effective for analyzing FFPE samples with lower DNA input requirements than arrays, but their resolution is generally lower. 19 These dedicated copy number assays have become valuable in clinical care of GBM and clinical trials, given the ever-increasing number and decreasing size of clinically relevant aberrations that are not readily detected by targeted next-generation sequencing strategies or other sequence-based methods. 20 Several limitations of these multiplex technologies are now apparent. One limitation is their longer turnaround time compared with the conventional FISH/CISH assays used previously, and another is their requirement for significantly more tissue (generally 10 unstained slides of 4 mm thickness). In addition, since they are based on average hybridization kinetics or analysis of bulk populations, interpretation and analysis of the results identify potential subclonal events but do not readily distinguish these from lower level copy number events using current algorithms. This issue usually arises as a practical consideration in GBMs with EGRR amplification and concurrent low level gains in PDGFRA or MET. FISH analysis of most of these cases shows PDGFRA and MET are highly amplified in distinct cell subclonal cell populations and not low level gains at these loci in all the cells. 9, 11 For treatment decisions, laboratories could formally test whether screening patients first with these whole genome or multiplex assays, followed by reflex testing via FISH or other methods, adds practical clinical value beyond the use of "gain" as a biomarker.
Epidermal Growth Factor Receptor Rearrangements EGFRvIII
The most frequently recurring rearrangements in EGFR are intragenic deletions, the most common of which is the variant EGFRvIII that can be detected in 19% of GBMs. 10 This variant involves intragenic in-frame deletion of exons 2 -7 and occurs only in tumors with EGFR amplification. The biology of EGFRvIII has been studied extensively and has been shown to be a strong oncogenic driver that can transform cells and produce a more aggressive phenotype in GBM. While its functional significance has been well established in model systems, its clinical relevance for patients is still being explored, and no independent prognostic value has been established in early studies or by The Cancer Genome Atlas (TCGA). 21 Diagnostically, the presence of EGFRvIII is useful as a tumor-specific marker that is fairly specific to GBM, as it has only rarely been identified in other cancers (eg, lung).
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Clinical detection of EGFRvIII, while not standard-of-care, is often performed in CLIA labs as a clinical research assay to identify candidates for clinical trials that are specifically directed against the antigen (eg, EGFRvIII vaccine or antibody trials). Several trials seek to enroll patients with EGFRvIII-positive tumors, most often by IHC using tumor-specific EGFRvIII antibodies 21 or by reverse transcription PCR for detecting expressed RNA transcripts in the rearranged locus. Studies using IHC have highlighted the heterogeneous geographic expression of EGFRvIII within tumors, which is also supported by patterns seen in genomic assays 22 that represent a significant concept in potential resistance by nonexpressing cells. A disadvantage of EGFRvIII IHC is that specific EGFRvIII antibodies suitable for routine clinical IHC are not available commercially and are instead accessed only through association with clinical trials. Use of array CGH or SNP platforms is advantageous in these scenarios because one can identify the coassociated amplification of the locus, and the signal for EGFR intragenic deletion is highly reliable when present. However, such assays, by their nature of averaging results from numerous tumor cells, are less sensitive given the known heterogeneity of EGFRvIII in tissues and cells. Single-cell analysis by oligoFISH-based methods (eg, Agilent SureFISH) allows visual detection of missing signals in nuclei with vIII-deleted regions, but testing for their efficacy in clinical practice just started recently. 9 
Other Deletion Variants
Multiple additional intragenic deletion variants of EGFR were described early in the study of GBM, but they remained relatively obscure for years after their initial discovery, until the recent advent of improved sequencing technology. 23 Recent studies have established that intragenic deletions are detectable in 71% of EGFR-amplified tumors. Furthermore, there is evidence that EGFRvII is transforming similar to EGFRvIII, suggesting that assays to measure such variants are likely to become clinically relevant for GBM and its pathogenesis. 9 Other notable EGFR rearrangements are those involving the carboxy-terminal intracellular domain. 24, 25 Exon array analysis (SNP data from TCGA; validated by Sanger PCR) has identified multiple deletions (8/469) involving exons 25 -27, exons 27-28, and exons 25-28, all within the carboxyl-terminus domain. 26 These deletions are able to induce cell transformation without ligand and are highly sensitive to the EGFR inhibitor cetuximab in a xenograft model. 26 Diagnostically, the diversity of EGFR rearrangements presents a challenge for capture with a single assay or approach because the boundaries and breakpoints for EGFR rearrangements can vary between cells within a tumor and also across patients. Therefore, it will be increasingly important for clinical labs to identify the entire spectrum of EGFR genomic rearrangements with appropriate technologies. While targeted exome-sequencing platforms can detect these rearrangements in theory, such events are more likely to be optimally identified by other targeted (eg, Nanostring RNA) 8 or untargeted (eg, whole genome array CGH for DNA) approaches in practice to obtain more complete genotyping of EGFR. Recent data from the Nanostring assay have carefully demonstrated its improved quantitative and sensitive detection of EGFRvIII and other events in GBM compared with array-based methods; however, the presence of low levels of transcripts in a high number of tumors raises questions about which levels are ultimately relevant clinically for future clinical reporting.
EGFR Fusions
Recent examination of a large RNA-sequencing dataset of glioblastoma from the TCGA, 27 as well as the Swedish Hospital Ivy Center cohort, 28 revealed several in-frame gene fusions and complex rearrangements. EGFR emerged as the most frequent gene fusion in GBM and was present in 4% of GBM patients. EGFR is most commonly fused to intron 9 of SEPT14 or to the gene PSPH (2.2%), and both events were noted to leave the tyrosine kinase domain intact. 27 Although the majority of gene fusions in GBM are associated with unbalanced genomic rearrangements, EGFR fusions can occur without accompanying copy number changes. Interestingly, most of the EGFR-SEPT14 or PSPH fusions lacked expression of EGFRvIII (exon2 -7 deletion). It is therefore possible that the C-terminal deletion of EGFR through gene fusion acts as an alternative mechanism of EGFR activation. Indeed, Frattini et al reported that EGFR-SEPT14 was able to confer mitogen independence and sensitivity to EGFR inhibitors such as erlotinib and lapatinib in a manner similar to EGFRvIII. The clinical relevance of fusions has not yet been established within the diagnostic or clinical trial arena. However, the diagnostic identification of such events is increasingly likely and efficient with the advent of RNA/cDNA sequencing techniques, such as anchored multiplex PCR (AMP) 29 or Nanostring assays, designed to capture rearrangements that might be known as clinically relevant. Eventual progress towards whole genome sequencing and RNA sequencing offers even more potential for diagnostic convergence to aid identification of these events, as this technology does currently in the research arena.
EGFR Mutations
While GBM appears to be predominantly a copy number disease, results of large scale sequencing of GBM patients have demonstrated that up 20% of GBMs harbor EGFR point mutations, which are frequently combined with rearrangements or copy alterations (44% of amplified patients). 10 Clinical trials using EGFR inhibitors, such as erlotinib, on unselected GBM patients have not shown a clear clinical benefit; however, 15% -20% of treated patient in some studies experienced significant tumor reduction in response to small molecule EGFR inhibitors. 1, 30 In order to identify more genomic alteration in EGFR, a significant effort has been made to analyze large cohorts of GBM patients, originally by using PCR sequencing and mass-spectrometric genotyping 24, 31, 32 and more recently by using whole-exome and RNA sequencing. 10 EGFR point mutations in GBM are more frequently located in the extracellular domain (13% of patients) unlike lung cancer, in which most mutations affect the kinase domain. 32 -34 The selectivity of drugs for kinase-domain inhibition in current trials has been proposed as an explanation for GBM resistance to firstgeneration EGFR inhibitors targeting the kinase domain. Identification of such mutations, however, might indicate possible sensitivity to ATP-site competitive EGFR kinase inhibitors, such as lapatinib. 33 Point mutations in the extracellular domain may be enriched in EGFR-amplified tumors but can be observed without amplification.
Given these findings, clinical detection of point mutations has a direct implication for treatment with EGFR inhibitors and interpretation of clinical trials. While some recurrent EGFR mutational events are common (eg, A289 and R108), the diversity of mutations suggests that multiplexed targeted genotyping 36, 37 or targeted exome-sequencing approaches are necessary for identifying a broader set of events. Such platforms are now in place at several of the larger tertiary care centers, and private laboratories are increasingly offering access to services such as targeted exome sequencing for patients. Several GBM nonprofit foundations (eg, ABC2, Sontag Foundation) have also prioritized facilitating patient access to clinical sequencing programs as a means to accelerating integration of genomics with clinical trials and eventual improved patient outcomes. These efforts should greatly increase the knowledge about specific mutations and their natural history of disease progression and response to EGFR inhibitors.
Conclusions
Recent in-depth analyses of genomic alterations in EGFR have revealed an unprecedented level of complexity due to diverse deletions, fusions, and point mutations that all occur frequently in a highly amplified locus. The unique combination of these multiple hits and the mutations in other genes produces a variety of functionally distinct EGFR-altered tumors. Past studies and trials had focused on investigating only one type of alteration (eg, EGFRvIII deletion), but the focus on single alterations might not be enough to decipher results in the background of the multiplex heterogeneity of GBM. 1, 38 The advent of single-cell sequencing and quantitative sequencing methods offers the opportunity to perform precise deconvolution of the EGFR state in tumor cells and demonstrates that multiple clones in the same tumor may each behave differently once mutations are combined. 9 Such attention to subclonal populations has implications not only for EGFR but also for other amplified RTKs such as PDGFRA and MET, which are common in other cancers. Given the resistance of GBM to EGFR inhibition to date, the use of novel diagnostic approaches for assessing EGFR could reveal new pathways to more effective inhibition.
